INTRODUCTION
Lung cancer is the most frequent cause of cancer death (1) , and non-small cell lung cancer (NSCLC) is the most common subtype. Somatic activating mutations of the tyrosine kinase domain of the epidermal growth factor receptor (EGFR) are found in about 26% of all patients with lung adenocarcinoma and confer sensitivity to first-generation EGFR tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib (2, 3) . Clinical responses are variable, although most patients exhibit good response rates to these inhibitors. However, acquired resistance to TKIs unfailingly occurs, in most cases (>60%) due to the acquisition of "gatekeeper" mutations (T790M) in the EGFR, which is thought to alter kinase ATP (adenosine 5′-triphosphate) affinity above that of gefitinib or erlotinib (4, 5) . Progressionfree survival with TKI treatment is only 9 to 12 months, and overall survival is less than 20 months (2, 3) . Notably, the acquisition of secondary mutations in EGFR emphasizes a continued dependence on EGFR signaling in these cancers. The need to overcome both innate and acquired resistance has been a major therapeutic challenge.
EGFR is a member of the ERBB/human epidermal growth factor receptor (HER) family of membrane-bound receptor tyrosine kinases (RTKs) (6) . Aberrant regulation of EGFR, including gain-of-function mutations and overexpression, is a common feature of many epithelial malignancies, which has led to the development of EGFR TKIs (7). We previously described that signal transduction and activator of transcription 3 (STAT3) is persistently tyrosine-phosphorylated or activated (pSTAT3) in NSCLC (cell lines and primary tumors) due to EGFR-driven up-regulation of interleukin-6 (IL-6) expression, leading to a feed-forward IL-6/Janus kinase (JAK)/STAT3 loop. Furthermore, JAK inhibition abrogates proliferation in NSCLC cell lines, including those that are TKI-resistant (8) . JAK1/2 inhibitors have shown promise in preclinical models of NSCLC (9) (10) (11) (12) (13) (14) (15) . Inhibitors of JAKs were developed for immunologic suppression for organ transplantation and for the treatment of myeloproliferative neoplasms in patients with activating mutations in the JAK2 pathway (16, 17) and are in early-phase clinical trials for lymphomas and solid tumors on the basis of promising preclinical studies (11) (12) (13) (14) (15) (18) (19) (20) .
Our present study investigated the mechanisms by which JAK inhibition represses cell growth in NSCLC cells, alone or in combination with TKIs. Here, we found that JAK2 inhibition overcame acquired resistance to TKIs in EGFR-mutant lung adenocarcinoma in vitro and in vivo.
RESULTS

JAK2 inhibition resensitizes TKI-resistant cells and xenograft models to erlotinib
We previously demonstrated by immunohistochemistry that pSTAT3 is present in 42% of NSCLC cells that have wild-type EGFR and in 88% of NSCLC cells that have mutant EGFR, mediated through increased IL-6/JAK signaling (8) . Further examination of this cohort of samples revealed that 31% of EGFR-mutant NSCLC tumors had high expression (immunohistochemistry) of pSTAT3. Here, we sought to determine the relevance of JAK/STAT3 activation in tumors that had developed resistance to TKIs. Patients with EGFR-mutant NSCLC had their tumors rebiopsied upon development of acquired resistance to erlotinib or gefitinib (hereafter referred to collectively as TKI) (5) . We examined the abundance of pSTAT3 in 10 TKI-resistant tumors, 4 of which were matched against the untreated primary tumor. We determined that the abundance of pSTAT3 was high (score 2 to 3+) in 68% (4 of 6) of unmatched samples and either similar or increased in all four matched specimens compared to the respective pre-TKI samples ( fig. S1A) (21, 22) . These results led us to hypothesize that pSTAT3 may be a relevant target in TKI-resistant disease. We tested this hypothesis by treating TKI-resistant, pSTAT3 + NSCLC cell lines (H1975, PC-9R, and H1650) and xenografts with a JAK inhibitor (JAKi; AZD1480) alone or in combination with a TKI (erlotinib) as a negative control. Treatment with JAKi reduced the abundance of pSTAT3 and inhibited the proliferation of cultured cells, with median inhibitory concentrations in the range of 0.25 to 1.50 mM (Fig. 1,  A and B, and fig. S1B) (8, 10, 12, 23) . Furthermore, in vivo studies demonstrated a significant inhibitory effect of JAKi as a single agent on the growth of NSCLC xenograft tumors (Fig. 1C) . In contrast, TKI (erlotinib) alone did not inhibit the proliferation of TKI-resistant cell lines H1975 and PC-9R and partially inhibited the proliferation of semiresistant H1650 in vitro and in vivo (Fig. 1, A and C) , as previously demonstrated (24) (25) (26) . However, the TKI-resistant cell lines (H1975 and PC-9R) and the TKI-semiresistant cell line (H1650) were rendered sensitive to TKI by the addition of JAKi, evidenced by decreased cell viability and increased apoptosis in cultured cells (Fig. 1A and fig. S1C ). The abundance of pSTAT3, phosphorylated EGFR (pEGFR), and the downstream effector phosphorylated extracellular signal-regulated kinase (pERK) in these cultured TKI-resistant cell lines were markedly reduced upon combination treatment with JAKi and TKI, whereas expectedly, TKI alone had no effect (Fig. 1B and fig. S1D ). In vivo, dual blockade of JAK and EGFR led to the greatest inhibition of tumor growth when compared to either JAKi or TKI alone in H1975, PC-9R, and H1650 xenografts (Fig. 1C) . The enhanced inhibitory effect of combination treatment was accompanied by decreased pSTAT3, pEGFR, and pERK abundance and reduced proliferation (by Ki67 staining) ( fig. S1E ). These data indicate that combined JAKi/TKI treatment is superior to monotherapy and can overcome resistance to EGFR inhibitors in EGFR-mutant NSCLC.
JAK2 inhibition increases EGFR signaling
Having determined that dual JAK and EGFR inhibition overcame acquired TKI resistance, we next sought to define the mechanisms underlying this phenomenon. Treating cell lines (H1975, PC-9R, and H1650), xenografts (H1975 and PC-9R), and transgenic EGFR-mutant, TKIresistant NSCLC mouse models [EGFR L858R + T790M (27) ] with JAKi reduced the abundance of pSTAT3 in the tumor cells (Figs. 1B and 2, A and B, and figs. S1E and S2, A and B). However, JAK inhibition led to an increase in EGFR signaling. Specifically, the abundance of EGFR, pEGFR, and pERK was increased with no apparent effect on the abundance of phosphorylated AKT or phosphorylated S6 (Fig. 2 and fig. S2 , A to E). Additionally, JAK inhibition enhanced the EGFR-mediated RAS activation in cell lines ( fig. S3A ). Treating cell lines with JAKi resulted in increased pERK abundance after 10 min, which slowly returned to baseline as that of pSTAT3 reappeared over 12 to 24 hours ( fig. S3B ). The short time scale required for the JAK inhibition-mediated increase in pERK abundance suggested an effect on signaling rather than de novo transcription or translation. A similar phenomenon was observed in vivo. We treated tumor-bearing mice with a single dose of JAKi and observed a rapid increase in pERK abundance with a reciprocal reduction in pSTAT3 abundance 4 to 6 hours after administration of the drug. Twenty-four hours later, as pSTAT3 abundance returned, we observed a concomitant reduction in ERK activation (assessed by pERK staining) ( fig. S3C ).
To determine whether the effect of JAK inhibition on ERK phosphorylation was specifically mediated through JAKs, we reduced JAK2 expression in NSCLC lines using small interfering RNAs (siRNAs). Depletion of JAK2 increased the abundance of total EGFR, pEGFR, and pERK ( Fig. 2C and fig. S3 , D and E). Additionally, we found that several JAK2 inhibitors increased the amount of pEGFR and pERK in NSCLC cell lines, suggesting that the effect was not reagent-specific ( fig. S3F ). Conversely, we asked whether overexpression of a constitutively active form of JAK2 (JAK2 V617F ) (28) could decrease pEGFR abundance in NSCLC cell lines. Transient transfection of JAK2 V617F into PC-9R cells led to a reduction in pEGFR and pERK abundance ( fig. S3G ). Together, our data demonstrate that JAK2 inhibition enhances EGFR signaling in NSCLC cell lines, xenografts, and transgenic mice. 
JAK2 inhibition increases the surface abundance of EGFR by decreasing the association of EGFR with SOCS5
We hypothesized that altered EGFR turnover could account for the increase in EGFR abundance and signaling. We first examined the effect of JAK inhibition on the levels of membrane-associated EGFR using fluorescently conjugated EGF. JAKi treatment of NSCLC cells led to an increase in the surface staining of EGF-bound EGFR compared to control (Fig. 3A) . We obtained similar results using a cell surface EGFR biotinylation assay, which revealed an increase in membrane-associated EGFR in response to JAKi, but no effect on the surface expression of c-MET (another RTK) (Fig. 3B and fig. S4A ). These experiments were done in the absence of ligand (after extensive washing of the cells), which suggests that JAK2 inhibition decreased ligand-independent turnover of EGFR, thus resulting in an increase in the steady-state cell surface EGFR/pEGFR abundance.
The turnover of EGFR occurs in a ligand-dependent and ligandindependent manner and is regulated through a physical complex with proteins that modify EGFR, leading to its ubiquitination by E3 ubiquitin ligases (29) . Ligand-independent degradation of EGFR is regulated in part through suppressor of cytokine signaling (SOCS) proteins SOCS4 and SOCS5. These highly homologous SOCS boxes containing proteins bind constitutively to EGFR, together with elongins B/C, the cullin family of ubiquitin ligases and ring box proteins, to enhance EGFR ubiquitination and degradation of the receptor in a c-Cbl-independent manner (30) (31) (32) . Additionally, SOCS5 can bind to JAK1 and JAK2 (33) . We hypothesized that JAK2 may form a complex between SOCS4/5 and EGFR as has been described for JAK2-SOCS3-gp130 (34) (35) (36) (37) . To examine the effect of JAK inhibition on the interaction between SOCS4/5 and EGFR, we used the in situ proximity ligase assay (PLA or Duolink), which can measure associations between proteins including those that are weak and transient. Notably, this approach does not allow one to differentiate between direct or indirect associations. We chose this technique because the SOCS4/5 proteins are labile and difficult to detect by standard biochemical methods. We found that JAK2 and both SOCS4 and SOCS5 are constitutively associated with the EGFR, but these interactions were abrogated with JAK inhibition ( Fig. 3C and fig. S4B ). We then asked if EGFR activity was required for an association between SOCS5 and JAK2 with the EGFR. We treated PC-9R cells with a T790M mutant-specific TKI, and by PLA, we demonstrated that both SOCS5 and JAK2 were no longer associated with EGFR ( fig. S4C) . Additionally, by coimmunoprecipitation (co-IP) using antibodies against EGFR and JAK2, we found that JAK2 interacted with EGFR. Inhibition of JAK1/2 activity with a JAKi reduced the association between JAK2 and EGFR ( Fig. 3D and fig. S4D ). Additionally, by depleting JAK2 abundance through the use of short hairpin RNA (shRNA), we observed a reduced association between SOCS4/5 and EGFR, as assessed by PLA (Fig. 3E and fig. S4E ). In agreement with a previous study showing that SOCS5 mediates the ubiquitination of EGFR and enhances its degradation (31), we found that disrupting the SOCS5-EGFR association with a JAKi reduced the amount of ubiquitinated EGFR in H1650 cells (Fig. 3D) . To determine whether SOCS5 played a role in regulating EGFR abundance, we reduced SOCS5 levels by siRNA in H1975 and PC-9R cells. We observed an increase in total EGFR and pEGFR abundance, which was not further increased by JAK inhibition ( fig. S4F) . Similarly, reducing SOCS5 abundance with shRNA increased the abundance of total EGFR and pEGFR in H1975 cells compared to control cells (H1975-Csh). Compared to that in controls, treating H1975-SOCS5sh cells with TKI (erlotinib) reduced the abundance of pEGFR and enhanced growth inhibition both in cultured cells and in xenografts (Fig. 3, F and G, and fig. S4 , G to I). Thus, a reduction of SOCS5 was sufficient to reverse TKi resistance, similar to that seen with the combination of JAKi and TKI. Finally, the association between JAK2 and EGFR was intact in H1975-SOCS5sh cells when assessed by PLA ( fig. S4J ). In summary, these data suggest that activated JAK2 reduces EGFR abundance by coupling the negative regulatory SOCS4/5 proteins to EGFR (Fig. 3H ).
JAK2 inhibition promotes erlotinib-sensitive heterodimers between wild-type and mutant EGFR
Given that JAK inhibition (and/or a reduction in SOCS5) increased EGFR abundance and downstream signaling (as assessed by the abundance of pERK), we next asked how this increase could paradoxically restore sensitivity to TKIs rather than promote resistance. It has been shown that ligand-induced EGFR internalization is more rapid for wild-type EGFR than mutant EGFR (38) (39) (40) . Here, we examined EGF-mediated EGFR internalization and determined that it occurred more rapidly in JAKitreated cells compared to vehicle-treated cells (Fig. 4A and fig. S5A ), suggesting that JAKi may increase the abundance of specifically wild-type EGFR. We hypothesized that JAKi promotes the formation of heterodimers between wild-type and mutant EGFR, the activity of which can be repressed by TKI; thus, we next determined whether wild-type EGFR could indeed form heterodimers with mutant EGFR. Unfortunately, no antibodies exist that discriminate wild-type from mutant EGFR; therefore, to test our hypothesis, we used H1975 (L858R + T790M mutant) cells that overexpressed a Myc-tagged wild-type EGFR (41) and found that JAKi increased the association between Myc-tagged wild-type EGFR and the L858R + T790M EGFR in these cells (Fig. 4B) . Furthermore, we showed that JAK inhibition increased the abundance of markers indicating wild-type EGFR signaling in an NSCLC line (H292) that overexpressed only wild-type EGFR ( fig. S5B ). Next, we selected H1975 cells enriched for wild-type EGFR ("wild type-dominant subclone") by treating cells with WZ4002 (42), a T790M mutant-specific TKI. Conversely, we selected for H1975 cells enriched for the L858R/T790M EGFR ("mutant-dominant subclone") by treating cells with erlotinib to target wild-type EGFR, as previously described (43) (Fig. 4C) . Treatment of wild type-dominant cells with a JAKi led to an increase in the abundance of pEGFR, EGFR, and pERK (Fig. 4C, fig. S5C ). Cotreatment of EGFR wild type-dominant cells with JAKi and erlotinib led to a greater drug synergism as compared to the parental H1975 cells (CI, 0.26 versus 0.40) (Fig. 4C) . On the other hand, cotreatment of mutant-dominant cells with JAKi and erlotinib did not overcome resistance to erlotinib (CI, 0.91 versus 0.40) (Fig. 4C ). In conclusion, these data support our hypothesis that JAK inhibition leads to enhanced heterodimer formation between wild-type and TKI-resistant mutant EGFR. We next asked whether the JAKi-dependent increase in wild-type EGFR abundance and activity could be blocked by the TKI erlotinib. Although wild-type EGFR is sensitive to TKI, it requires higher concentrations to inhibit its activity compared to mutant EGFR. We postulated that the wild-type/mutant EGFR heterodimers would thus require higher concentrations of erlotinib as compared to cells expressing erlotinib-sensitive mutant EGFR to inhibit signaling. pEGFR and pERK abundance in control TKI-resistant PC-9R and H1975 cells was unaffected by erlotinib, whereas in JAKi-treated cells, pEGFR and pERK abundance was markedly attenuated by increasing concentrations of TKI (Fig. 4D and figs. S5D and S6A). In summary, our data suggest that JAK2 inhibition induced an increase in EGFR abundance through the loss of SOCS4/5-mediated degradation, leading to the formation of wild-type/mutant, TKI-sensitive heterodimers (Fig. 5) .
DISCUSSION
Constitutive activation of oncogenic signaling pathways in cancers has led to the development of targeted inhibitors. Erlotinib and gefitinib, TKIs of EGFR, both induce clinical responses in up to 90% of patients with EGFRmutant lung adenocarcinoma, yet these responses endure, on average, less than 1 year (2). Efforts to understand the mechanisms of resistance have revealed significant cross-inhibition between mitogenic pathways, such that blockade of one pathway relieves the negative feedback on another resulting in a relative "insensitivity" to the targeting pharmacologic agent (44) (45) (46) (47) (48) . In the case of EGFR-mutant NSCLC, an estimated 60% of tumors acquire a gatekeeper mutation that impairs TKI binding (5) . To date, clinical trials of drugs intended to restore sensitivity to tumors with acquired resistance have been unsuccessful.
Aberrant regulation of the IL-6-JAK-STAT3 signaling pathway is a critical mediator of tumorigenesis, which has similarly led to the development of targeted inhibitors (17) . Here, we found that high pSTAT3 abundance persists in TKI-resistant NSCLC primary tumors, suggesting that pSTAT3 signaling may play a role in mediating TKI resistance. Consistent with our observations, Yao et al. showed that IL-6-activated gp130/JAK/STAT3 signaling decreased TKI sensitivity in resistant NSCLC H1650 cells that have no T790M gatekeeper mutation or other known resistance mechanisms (10) . Another publication by Li et al. suggested that a STAT3/Bcl2/Bcl-XL survival pathway may be required for early adaptive and late acquired TKI resistance, in an erlotinib-selected resistant NSCLC cell line (49) . Additionally, we showed that JAK inhibition alone reduced the growth of NSCLC xenografts (14) . These data support the therapeutic potential of JAKi for the treatment of solid tumors as monotherapy (12-14, 18, 20) .
Although JAK inhibition alone could decrease the growth of TKIresistant cells, we were surprised that combined treatment with JAKi and TKI could overcome resistance in TKI-resistant cells and xenografts. Specifically, PC-9R and H1975 cells expressing the TKI-resistant gatekeeper EGFR and semi-TKI-resistant H1650 cells were rendered sensitive to a TKI when treated in combination with a JAKi. We then examined the mechanisms underlying this synergism.
We first determined that either JAK2 depletion or inhibition of activity enhanced EGFR/RAS/MEK/ERK signaling through an increase in membrane EGFR protein abundance in the absence of ligand. Several non-ligand-dependent inhibitors of EGFR have been identified, including leucine-rich repeats and immunoglobulin-like domains protein 1 (LRIG1), receptor-associated late transducer (RALT; also known as MIG6 and ERRFI1), SOCS4, and SOCS5. Ectopic overexpression of SOCS5 and SOCS4 was shown to induce the degradation of EGFR in a ligand-and c-Cblindependent manner and through an elongin B/C-dependent process (6, 30, 31, 50) . Although structural studies have suggested that the SH2 domains of SOCS4 and SOCS5 proteins may bind to the phosphorylated Tyr 1068 of the EGFR, no functional studies have demonstrated this (6, 30, 31, 36) . More recently, SOCS5 was shown to inhibit JAK1 and JAK2 through its N-terminal domain (33) . Additionally, Shc-1 was identified as a potential substrate for SOCS5, suggesting that this protein can negatively regulate multiple tyrosine kinases (33) . Here, our data suggest that JAK2 bridges a ternary complex between SOCS5 and EGFR. Specifically, pharmacologically inhibiting JAK2 or knocking down its protein abundance led to a loss of SOCS5 association with the EGFR, resulting in attenuated ubiquitination of EGFR and the consequent up-regulation of EGFR surface expression and downstream RAS-pERK signaling. Similarly, a reduction of SOCS5 in TKI-resistant H1975 cells also led to an increase in pEGFR, which was inhibited by TKI (specifically, erlotinib). Notably, the loss of SOCS5 had no impact on the association between JAK2 and EGFR. Conversely, enforced expression of activated JAK2 could attenuate EGFR signaling possibly through a mechanism involving JAK2-mediated increased SOCS4/5 recruitment to the EGFR. In support of this hypothesis, Harada et al. observed that in a TKI-resistant PC-9 cell clone, increased pJAK2 abundance was associated with reduced total EGFR and pEGFR abundance compared to that in the parental line (23) . Finally, the JAK2-EGFR association is likely dependent on activated EGFR because pharmacological inhibition of EGFR resulted in the loss of both EGFR-JAK2 and EGFR-SOCS5 interactions. In summary, these data suggest that activated EGFR is negatively regulated by activated JAK2 in part by bringing SOCS5 to EGFR, leading to its degradation (51, 52) .
The resultant increase in EGFR expression and activity translated into restoration of sensitivity to TKIs was surprising. We determined that JAK inhibition led to increased levels of heterodimers between mutant EGFR and wild-type EGFR, which were sensitive to TKIs. Inhibition of specifically wild-type EGFR in these heterodimers could explain how JAK inhibition conferred sensitivity to otherwise resistant tumors. About 30% of tumors resistant to erlotinib lack known alterations (namely, T790M mutation or MET amplification); this phenotype is exemplified in the H1650 cell line (5). We observed the greatest growth inhibitory synergy between the JAK2 inhibitor and erlotinib in H1650 cells. We hypothesize that the JAK2-regulated increase in EGFR expression and activity enhances the dependence or "addiction" to this signaling pathway. We propose that increased EGFR signaling activates negative feedback loops suppressing other pathways that normally participate in promoting survival and proliferation. The chronic inhibition of compensatory pathways leads to the EGFR-addicted phenotype. This hypothesis has been proposed for other diseases such as estrogen receptor (ER)-and HER2-positive breast cancers, in which the expression and activity of these drivers of disease are positively correlated with response to targeted inhibitors. For example, modifiers of ER abundance such as inhibitors of the phosphatidylinositol 3-kinase-mammalian target of rapamycin pathway result in synergistic antiproliferative effects when given in combination with endocrine therapy, leading to a survival advantage in patients (53) (54) (55) . Our results demonstrate crosstalk between the JAK and EGFR oncogenic signaling pathways, thus providing a molecular rationale for combination JAK-and EGFR-targeted tyrosine kinase inhibitor therapies in patients that exhibit innate or acquired resistance to EGFR-targeted TKIs, a group that ultimately includes all patients with EGFR-mutant lung adenocarcinoma.
MATERIALS AND METHODS
Human tumor specimens
Biopsy specimens were obtained from patients starting TKI therapy and those who had developed progression of disease on continuous TKI therapy. These specimens were subsequently analyzed for EGFR kinaseactivating mutations/second T790M mutation, and assessment of MET gene copy number alterations was carried out by standard protocols as previously described (22) .
Drugs
The JAK1/2 inhibitor AZD1480 was provided by AstraZeneca. The type II JAK2 inhibitor BBT594 was provided by Novartis. INCB18424 and EGFR TKI erlotinib were purchased from Chemietek. Pan-JAKi P6 was purchased from Calbiochem. The EGFR T790M-specific inhibitor WZ4002 was purchased from Selleck Chemicals. For in vitro experiments, the inhibitors were dissolved in 100% dimethyl sulfoxide (DMSO) to prepare a 10 mM stock and stored at −20°C. For in vivo experiments, the indicated inhibitors were formulated daily in purified, sterile water supplemented with 0.5% methyl cellulose and 0.1% Tween 80.
Cell lines
Cell lines were grown in RPMI 1640 medium. PC-9 and PC-9R cell lines were previously described (43); H1975, H1650, and H292 cell lines were purchased from the American Type Culture Collection (ATCC). H1975 cells overexpressing Myc-tagged wild-type EGFR were generated by retroviral infection of pMSCVpuro-IRES-EGFR-Myc/His into H1975 cells, and stable clones were isolated by puromycin selection (41, 56) .
Animals
C57/B6 and athymic nude mice were purchased from Taconic and Harlan. Mice harboring the CCSP-rtTA and tet-regulated EGFR L858R+T790M transgenes ("C/L858R + T790M") were developed by W. Pao. All experiments involving animals were approved by the Memorial Sloan Kettering Cancer Center Institutional Animal Care and Use Committee. Cell lines were subcutaneously implanted in athymic mice for PC-9, H1975, and H1650 xenograft tumors in a 1:1 mixture of Matrigel (BD Biosciences) and culture medium. Tumor-bearing mice were randomized on the basis of tumor volume before the treatment, which was initiated when average tumor volume was about 100 mm 3 . All inhibitors were given orally by gavage: AZD1480, 30 mg/kg, twice a day for H1975 and H1650, and 20 mg/kg daily for PC-9R; erlotinib, 25 mg/kg, once a day for H1975, H1650, and PC-9R. Tumors were measured every 3 to 4 days, and tumor volumes were calculated by the formula L × W 2 × p/6, where L is the tumor length and W the width. Three hours before sacrifice, the animals were given the last dose of drug treatment.
Cell lysate preparation, Western blotting, and densitomeric analysis Adherent cells were lysed in cell lysis buffer, and Western blot analysis was performed as previously described (8) . Cells were treated with the proteasome inhibitor MG132 (N-carbobenzyloxy-L-leucyl-L-leucyl-Lleucinal) (5 mM) for 16 hours before the lysis of cells for the analysis of SOCS4 and SOCS5 proteins. Antibodies used for Western blotting were as follows: anti-pSTAT3 (Y705), total STAT3, pERK (p44/42, T202/ Y204), pAKT (S473), total AKT, pS6 (S240/244), S6, pEGFR (Y1068), total EGFR, L858R-EGFR-or del19-EGFR-specific antibodies, anti-JAK2 (Cell Signaling Technology), and anti-JAK1 (BD Biosciences); anti-total ERK, EGFR, Myc, ubiquitin and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG, HRP-conjugated anti-mouse IgG, HRP-conjugated antirabbit IgG, SOCS4, and SOCS5 (Santa Cruz Biotechnology); anti-c-MET (Invitrogen); and anti-a-tubulin (Sigma-Aldrich). Densitometric quantification of high-resolution immunoblot images was performed using an analysis program, ImageJ (developed by W. Rasband, Research Services Branch of the National Institute of Mental Health). Analyses of the phosphorylation status of RTK and ErbB family members were performed using the RayBio Human RTK and EGFR Phosphorylation Array kits according to the manufacturer's instruction (RayBiotech).
RAS activation assay
The status of activated RAS was measured using the RAS Activation Assay Kit according to the manufacturer's instruction (US Biological). Briefly, the cells were treated by AZD1480 as indicated, washed twice with ice-cold phosphate-buffered saline (PBS), and lysed with lysis buffer. The activated/ guanosine 5′-triphosphate-bound RAS was then pulled down by agarose bead-conjugated RAS-binding domain of Raf-1, electrophoresed by SDS-polyacrylamide gel electrophoresis gel, and probed with an anti-RAS antibody.
DNA constructs
pBabe-YFP-JAK2/V617F, an active form of human JAK2 expression construct, was generated by excising a wild-type JAK2 complementary DNA from pEF-YFP-JAK2 (57) using Age I and Spe I, Klenow filled, and ligated into the SnaB I site of pBabe-puro. A polymerase chain reaction-based mutagenesis of converting JAK2 amino acid 617 valine to phenylalanine was subsequently performed using DNA polymerase Pfu and primer sets 5′-GAATTATGGTGTCTGTTTCTGTGGAGAGGAGAAC-3′ and 5′-GTTCTCCTCTCCACAGAAACAGACACCATAATTC-3′.
Cell transfection, RNA interference, and lentiviral infections H1975, H1650, and PC-9 cells were transfected by siRNAs (25 nM) with HiPerFect (Qiagen) according to the manufacturer's protocol. Silencer validated JAK2, SOCS4, and SOCS5 siRNAs and nonsilencing scramble siRNA were purchased from Qiagen. Cells were plated in a six-well plate and incubated for 36 hours after siRNA transfection, and cell lysates were collected for Western blotting. The plasmids pBabe-puro and pBabe-JAK2/ V617F were transiently transfected into PC-9 cells with the SuperFect reagent (Qiagen). Forty-eight hours later, cell lysates were collected for Western blotting. JAK2 shRNA, SOCS5 shRNA lentiviral, and control constructs were purchased from Sigma-Aldrich, and infections into H1975 followed by selection with puromycin (2 mg/ml) were performed according to the manufacturer's instructions.
Flow cytometry
Cells were resuspended in 0.5 ml of ice-cold 1% bovine serum albumin (BSA)-PBS. Cell apoptosis was determined by labeling with annexin V and propidium iodide (PI). Samples were analyzed using a BD FACSCalibur cytometer, and data were analyzed using FlowJo software. Under unfixed conditions, cells that were annexin V(−) and PI(−) were considered viable cells. Cells that were annexin V(+) and PI(−) were considered early-stage apoptotic cells. Cells that were annexin V(+) and PI(+) were considered late-stage apoptotic cells.
Duolink fluorescence staining
In situ protein-protein interactions were measured by using the Duolink II Red fluorescence staining kit according to the manufacturer's instruction (Olink Bioscience). Cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.2% Triton X-100 in PBS, and probed with primary antibodies against the proteins of interest and isotype controls (1:100 to 1:200) at 4°C overnight. The kit-provided PLA probes were subsequently added, and signal amplification was performed. Imaging analyses were conducted using a Zeiss fluorescence microscope. SOCS4 and SOCS5 antibodies were purchased from Santa Cruz Biotechnology.
Cell viability assays
The effects of AZD1480 and other inhibitors on in vitro cell growth were assayed using the MTT Cell Proliferation Assay kit (ATCC). In brief, cells were plated in 96-well plates in five replicates in RPMI plus 10% fetal bovine serum and allowed to attach for 24 hours before the addition of DMSO as control or the indicated drugs. After 6 days, with medium replenishment at day 3, cells were first incubated with MTT until a purple precipitate was visible (in about 3 hours), which was then solubilized by detergent and quantified by absorbance at 570 nm with a reference wavelength of 670 nm.
Coimmunoprecipitation
The cells treated with AZD1480 or control DMSO were first lysed by whole-cell lysis buffer without detergent, followed by preclearing using control IgG/serum and protein A and GammaBind G Sepharose beads (protein A/G beads, Pharmacia). For EGFR IP, 1 mg of antibody was used per 200 mg of protein extract; for JAK2 IP, 5 ml of antiserum was used. CoIPs used 1 mg of precleared protein extract, which was incubated with the antibody/antiserum overnight at 4°C, before adding a 1:1 mix of protein A/G beads for another 2 hours. The beads were washed five times with lysis buffer before boiling in sample buffer and being subjected to Western blot analysis.
Biotinylation and precipitation of cell surface proteins
Cells were serum-starved overnight and pretreated with AZD1480 or control DMSO for 1 hour, and the cell surface proteins were then biotinylated with Sulfo-NHS-LC-Biotin (0.2 mg/ml; Pierce) in PBS for 30 min at 4°C. Unreacted biotin was quenched and removed by washing twice with icecold PBS containing 0.1 M glycine and twice with ice-cold PBS. For precipitation of surface biotinylated proteins, cells were lysed with lysis buffer, and the cell lysate was incubated with NeutrAvidin Plus UltraLink Resin (Pierce) and equilibrated in PBS at 4°C for 1 hour. The resin was then washed twice with PBS, and the levels of cell surface EGFR and c-MET were analyzed by Western blotting.
Statistical and CI analyses
The effectiveness of the inhibitors used in this study, alone and in combination, was analyzed by using CalcuSyn software (Biosoft). The CI was calculated according to the Chou-Talalay method (58) . CI < 0.9 indicates synergy, CI between 0.9 and 1.1 is addictive, and CI > 1.1 indicates antagonism between the two drugs. The determination of the in vitro effects of drugs on cell cycle and apoptosis was achieved by three independent experiments. Data were analyzed by Student's t test, and statistical significance was set at P < 0.05.
Surface EGFR labeling using Alexa Fluor 488-EGF
Cells were seeded at 0.5 × 10 6 and grown on coverslips in six-well plates before being treated with 1 mM AZD1480 or control DMSO for 1 hour. The coverslips were then chilled on ice for 10 min and then incubated with Alexa Fluor 488-EGF (0.5 mg/ml; Molecular Probes) in serum-free medium with 1% BSA at 4°C for 1 hour for surface EGFR labeling. The cells were subsequently washed twice with cold PBS, fixed in PFA, and viewed by fluorescence imaging.
Immunohistochemistry and immunofluorescence analyses
Tumor xenografts were fixed immediately after removal in a 4% PFA solution for 24 hours at 4°C followed by standard paraffin embedding and sectioning. Slides underwent deparaffinization, antigen retrieval, and immunohistochemistry and immunofluorescence analyses as previously described (8) . Semiquantitative analysis of pSTAT3 was performed (for human specimens, xenografts, and mouse transgenic tumors) by considering both the intensity (0, negative; 1, low; 2, moderate; 3, strong) and the percentage of cells displaying a positive signal (0, negative; 1, 0 to 5%; 2, 5 to 25%; 3, 25 to 50%; 4, 50 to 75%; 5, 75 to 100%), and the respective indices were multiplied to each other to calculate a score value of 0, 1+ (low), 2+ (moderate), or 3+ (high).
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